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Nanoscale anisotropic structural correlations in the paramagnetic and ferromagnetic phases
of Nd0.5Sr0.5MnO3
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We report x-ray scattering studies of short-range structural correlations and diffuse scattering in
Nd0.5Sr0.5MnO3. On cooling, this material undergoes a series of transitions, first from a paramagnetic insulating
~PI! to a ferromagnetic metallic~FM! phase, and then to a charge-ordered~CO! insulating state. Highly
anisotropic structural correlations were found in both the PI and FM states of this compound. The correlations
increase with decreasing temperature, reaching a maximum at the CO transition temperature. Below this
temperature, they abruptly collapsed. Single-polaron diffuse scattering was also observed in both the PI and
FM states suggesting that substantial local lattice distortions are present in these phases. We argue that our
measurements indicate that nanoscale regions exhibiting layered orbital order exist in the paramagnetic and
ferromagnetic phases of Nd0.5Sr0.5MnO3.
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Manganite perovskites of the chemical formu
A12xBxMnO3 ~where A is a rare earth, andB is an alkali
earth atom! have recently attracted considerable attention
cause they exhibit a number of interesting electronic prop
ties, including the colossal magnetoresistance phenomen1

Recent studies show convincingly that a number of the
triguing properties of the manganites cannot be underst
through spatially uniform phases and that local inhomoge
ities must play an essential role in these compounds.2 The
high resistivity of the paramagnetic insulating~PI! phase
found in most of the manganites at high temperatures,
example, results in part from the presence of the lattice
larons that form when aneg electron localizes on a Mn31

site, inducing the Jahn-Teller distortion of the MnO6
octahedron.3 Such lattice polarons were recently detected
rectly in the PI phase of the manganites by means of diff
x-ray and neutron scattering.4,5 Magnetic and lattice polaron
have also been found in other phases of the manganites
cluding the ferromagnetic metallic~FM! and insulating, and
antiferromagnetic insulating phases.5,6

The properties of the high-temperature paramagnetic
sulating phase were recently found to exhibit sharp ano
lies at several commensurate concentrations of doped c
ers, such asx53/8 and x51/2.7 The presence of thes
anomalies suggested that local charge or orbital correlat
of some kind, possibly short-range polaron-polaron corre
tions, play an important role in the PI phase. Recently, s
polaron correlations were indeed observed
La12xCaxMnO3, La222xSr112xMn2O7, and Pr12xCaxMnO3
manganites.4,5 Interestingly, the high-temperature structur
correlations do not necessarily correspond to the lo
temperature order, and in some cases the incipient h
temperature ordering is in direct competition with the grou
state.5 The relationship between the low-temperature grou
state and the high-temperature correlations is at pre
largely unclear.

While local structural correlations appear to play an i
portant role in the macroscopically homogeneous state
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the manganites, the microscopic nature of these correlati
as well as the extent to which they affect the electronic pr
erties of the manganites, have yet to be established. To
swer these questions, extensive experimental and theore
work is needed.

In this paper, we report synchrotron x-ray scattering st
ies of short-range structural correlations and diffuse scat
ing in Nd0.5Sr0.5MnO3. We find a new type of correlated
anisotropic lattice distortion in the ferromagnetic and pa
magnetic phases of this material. We argue that these co
lated distortions are associated with local regions of laye
orbital and, possibly, magnetic order. These observed st
tural correlations then provide a natural explanation for
anisotropic magnetic properties of this three-dimensio
perovskite compound.

Single crystals of Nd0.5Sr0.5MnO3 were grown using the
standard floating zone technique. The x-ray diffraction m
surements were carried out at beamlines X22A and X20C
the National Synchrotron Light Source. In each case,
x-ray beam was focused by a mirror, monochromatized b
Si ~111! monochromator, scattered from the sample moun
inside a closed-cycle cryostat, and analyzed with a pyroly
graphite crystal. In this paper, Bragg peaks are indexed in
orthorhombicIbmmnotation in which the longest lattice con
stant isc.

Nd0.5Sr0.5MnO3 is a paramagnetic insulator at high tem
peratures. With decreasing temperature, it undergoes a
sition to a ferromagnetic metallic state atTc5250 K, and at
TCO5150 K, it becomes a CE-type charge ordered insula
possessing thed3x22r 2/3y22r 2 type orbital ordering.8 In addi-
tion, weak magnetic Bragg peaks due to the presence o
A-type antiferromagnetic impurity phase, in which ferroma
netic layers are stacked antiferromagnetically along the~001!
direction, have been observed in some samples belowTAF
5200 K.9 Finally, in some of the samples studied prev
ously, these phases were found to coexist with the high
temperature phases either belowTAF or belowTCO

10. Note,
©2001 The American Physical Society06-1
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these samples were all found to consist of a single struct
phase at temperatures higher than 200 K.

The bulk properties of our sample are consistent with
results published in the literature. Figure 1 shows the te
perature dependence of the magnetic susceptibility, elect
resistivity, and the intensity of the~2, 4.5, 0! peak, which is
characteristic of the CE-type charge and orbitally orde
state. From the data of Fig. 1, we obtainTc'260 K, and
TCO'150 K. There is a measurable hysteresis in the m
netic susceptibility belowT'200 K, and therefore it is pos
sible that the sample contains several structural phases a
temperatures, as was reported in Ref. 10.

In order to characterize the short-range structural corr
tions and the single-polaron diffuse scattering, we have m
sured the x-ray intensity in the vicinity of several represe
tative Bragg peaks. Figure 2 shows a contour plot of
x-ray intensity in the vicinity of the~4, 0, 0! and the~4, 2, 0!
Bragg points. The crystals are twinned in all the three cu
directions of the underlying cubic perovskite structure, a
therefore the data of Fig. 2 consist of a superposition of
scattering due to all the twin domains in the crystal. In p
ticular, in the top panel of Fig. 2, the Bragg reflections~4, 0,
0! and~2, 2, 4! coincide, and scattering from both the (hk0)
and the (hhl) zones is present. Similarly, the Bragg refle
tions ~4, 2, 0!, ~3, 3, 2!, and~1, 1, 6!, and combined scatter
ing from the (hk0) and (hhl) zones are present in the bo
tom panel of Fig. 2. The main coordinate axes in this fig
show the (hk0) zone; the axes for the (hhl) zone are super
imposed on the figure.

The data of Fig. 2 exhibit intense, anisotropic, and ve
broad scattering at the~4.5, 1.5, 0!, ~3.5, 2.5, 0!, and ~4.5,
60.5, 0! points in the (hk0) axes setting.11 Alternatively,
this scattering can be ascribed to the~3, 3, 3!, ~3, 3, 1!, and
~2, 2, 5! reciprocal space coordinates. For a reason that
become clear later, we will use the latter assignment,
which the scattering occurs with a~0, 0, 1! reduced scattering
vector. Note, for crystal with Ibmm symmetry, as

FIG. 1. ~a! Temperature dependence of the zero-field electr
resistivity ~dashed line! and the magnetic susceptibility~open
circles! in a magnetic field of 2000 Oe.~b! The intensity of the~2,
4.5, 0! peak characteristic of the CE-type charge and orbitally
dered state.
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Nd0.5Sr0.5MnO3 has at temperatures higher thanTCO,8,10 the
~3,3,3!, ~3,3,1!, and ~2,2,5! reflections are forbidden. We
have studied the temperature dependence of the scatteri
these points. Scans were taken along the (00l ), (hh0), and
(h-h0) directions. The data collected in the (hh0) and
(h-h0) scans were essentially identical, and in what follo
we will not distinguish them, simply referring to them a
scans perpendicular to the (00l ) direction. Examples of the
scans in the (00l ) direction at the~3, 3, 3! reciprocal lattice
point are shown in the inset in Fig. 3. To parametrize
data, the scans were fitted to a Lorentzian to the power
lineshape convoluted with the instrumental resolution, a
the resulting fits were used to extract the peak intensities
the intrinsic peak widths.

Because the diffracted x-ray intensity is proportional
the square of the Fourier transform of the atomic dens
density correlation function, the broad peaks of Fig. 2 sig

l

-

FIG. 2. ~Color! Contour plots of the scattered x-ray intensi
around the~4, 0, 0! Bragg peak atT5165 K ~top panel!, and
around the~4, 2, 0! peak atT5270 K ~bottom panel!. ~See the text
for the explanation of the effects of twinning.! The two light circu-
lar arcs in the bottom panel are due to impurity powder scatter
6-2
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the presence of correlated lattice distortions aboveTCO. The
anisotropic correlation length~the domain size! of these re-
gions can be extracted from the intrinsic width of the pea
and is shown in Fig. 3 along with the temperature dep
dence of the x-ray intensity at the~3, 3, 3! reciprocal lattice
point. We find that the correlation length is approximately
times smaller in the~001! direction than in the perpendicula
direction at all temperatures. As the temperature decrea
both correlation lengths grow and reach their maximum a
temperature just aboveTCO. The scattering then abruptl
collapses atTCO'150 K. Below TCO, two components in
the scattering are observed, a sharp component and a b
component~inset in Fig. 3!. The integrated intensity of the
sharp component was approximately 100 times smaller t
the integrated intensity of the correlations measured aT
5150 K, and was approximately independent of tempera
below T5150 K. The possible multiphase character of t
low-temperature state makes it hard to assign these obse
components to specific phases.

The large anisotropy of the structural correlations o
served aboveT5150 K makes it natural to propose that th
correspond to the lattice distortions arising from the prese
of some kind of layered orbital order in the correlated d
mains. One possible scenario is that these correlated dom
possess the layereddx22y2-type orbital order8 and exhibit the
associatedA-type antiferromagnetism. This scenario is su
ported by a recent observation of anisotropic spin fluct
tions in Nd0.5Sr0.5MnO3 by means of neutron scattering9

These spin fluctuations exhibited two-dimensional chara
in the PM phase, and were of the antiferromagneticA type in
the FM phase.9 In addition, Nd12xSrxMnO3 samples withx
.0.51 exhibit theA-type antiferromagnetic metallic~AFM!

FIG. 3. Temperature dependence of the x-ray intensity of the~3,
3, 3! peak~a!, and of the correlation lengths of the correspondi
structural fluctuations~b!. j' is the correlation length perpendicula
to the reduced scattering vector~001! and j i is the correlation
length parallel to this vector~the ‘‘in-plane’’ and ‘‘out-of-plane’’
correlation lengths!. The inset in~a! shows scans through the~3, 3,
3! peak, along the (00l ) direction at different temperatures.
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low-temperature state, and therefore strong AFM fluctuati
can be expected in thex50.5 compound which lies close t
the AFM phase boundary. In the above picture of the cor
lations, the reduced wave vector of the structural distort
characteristic of the correlated domains in our sample,~0, 0,
1!, is perpendicular to the FM layers, and the periodicity
the lattice modulation is twice the distance between th
layers.12

It is also possible that the structural correlations of Fig
reflect the gradual change of the crystal structure from
Pbnmsymmetry for low Sr concentrations to theIbmmsym-
metry forx.0.5. @The ~3, 3, 3!, ~3, 3, 1!, and~2, 2, 5! peaks
are allowed in thePbnmspace group.# These two structures
exhibit different patterns of the tilts of MnO6 octahedra.8,10

The Pbnmsymmetry is normally found in the FM and CE
type states in the manganites,1 while the Ibmm symmetry
is characteristic to the layeredA-type AFM state in
Nd12xSrxMnO3. The structural features characteristic to t
latter lattice symmetry therefore favor theA-type state with
the associated orbital and magnetic order. The gradual c
version of thePbnm structure to theIbmm structure with
increasingx can proceed in a variety of possible ways. Sp
tial phase separation can, for example, take place. A m
interesting scenario of a uniform average structure exhibit
fluctuating correlatedPbnm domains is also plausible. W
note that our study, as well as the results of Refs. 8,10,
not support the presence of phase separation forT.200 K.
Independent on the exact microscopic structure of
sample, the pronounced anisotropy of thePbnm-type corre-
lations shows that in the correlated domains, the coupling
the ab planes is much stronger than the interplane coupli
Since theab planes form the ferromagnetic layers in th
A-type AFM state forx.0.5, it is likely that the diminished
interlayer coupling found in thex50.5 compound reflect the
incipient A-type layered orbital order. In the above scenar
therefore, the presence of the anisotropic lattice fluctuati
provide anindirect evidence of the local layered orbital orde
in the PM and the FM phases.

Our preliminary diffraction measurements o
Nd0.7Sr0.3MnO3 samples indicate the presence of we
Bragg peaks characteristic to thePbnmsymmetry group. To
determine which of the two scenarios described above is
rect, however, it is necessary to perform detailed structu
studies of the Nd12xSrxMnO3 samples for a number of S
concentration in the vicinity ofx50.5. In particular, the pos-
sible structural fluctuations should be investigated in
AFM state itself and in its immediate vicinity. This work i
currently in progress.

We believe that the newly observed type of structural c
relations cannot be attributed to small admixtures of
A-type AFM or of the charge-ordered phases with the PI
the FM phases for three reasons. First, at temperatures h
than T5200 K, Nd0.5Sr0.5MnO3 samples are believed t
consist of a single structural phase.8,10 Secondly, the data o
Fig. 3 do not show any obvious anomaly atTAF . Finally, the
~0, 0, 1!-type scattering abruptly disappears belowTCO. We
conclude that these correlations are therefore intrinsic
tures of the PI and the FM phases.
6-3
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Finally, we briefly discuss the x-ray diffuse scattering o
served in the vicinity of the main Bragg peaks. Such scat
ing is clearly visible in the data of Fig. 2 as an elongated o
shape around the Bragg peak in the top panel, and as a ‘
terflylike shape’’ in the bottom panel. It has been previou
demonstrated that diffuse scattering of this kind results fr
the presence of uncorrelated lattice polarons.4 The symmetry
of the diffuse scattering in Fig. 2 is consistent with the me
surements reported in Refs. 4,5, and we therefore also in
pret its intensity as reflecting the number of single polaro
present in the sample.

Figure 4 shows the temperature dependence of this sin
polaron diffuse scattering at a scattering vectorQ5(4, 0.35,
0!, that is on the wing of the oval shape in the top panel
Fig. 2. The phonon contribution to the diffuse scattering w
estimated from the data forT,TCO ~Ref. 13! and subtracted
The remaining part, which reflects the polaron contributi
shows a number of interesting features. First, the numbe
polarons grows with decreasing temperature in the PI ph
in agreement with Refs. 4,5. AtTc , the intensity turns
around and starts to fall. AtTCO, the uncorrelated polaron
abruptly disappear—as would be expected following the f
mation of long-range orbital order. We note that the conc

FIG. 4. Temperature dependence of the single-polaron diff
scattering at a scattering vectorQ5(4, 0.35, 0!. The estimated
phonon contribution, which is shown as a solid line in the inset
subtracted. The inset shows the raw data.
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tration of single polarons doesnot exhibit an abrupt drop a
Tc , and the polarons are clearly present in the FM phase
contrast to this behavior, polaron scattering intens
abruptly decreases upon the transition to the FM state
La0.7Ca0.3MnO3 and La1.8Sr1.8Mn2O7, compounds which are
believed to possess a microscopically uniform FM phase4,5

In Nd0.5Sr0.5MnO3, both the uncorrelated polarons and th
correlated anisotropic lattice distortions are present be
the Curie temperature, and therefore the FM phase of
material is clearly less uniform than the FM phase of t
former compounds~see also Ref. 9!. Unlike the intensity of
the ~3, 3, 3! peak, the intensity of the single-polaron scatte
ing shows a clear anomaly atTc . It appears, therefore, tha
the anisotropic lattice distortions discussed above are no
rectly coupled with the system of the disordered lattice p
larons.

In summary, we report observation of anisotropic sho
range correlated structural distortions in the paramagnetic
sulating phase and the ferromagnetic metallic phase
Nd0.5Sr0.5MnO3. We argue that the observed structural co
relations indicate the presence of local layered orbital or
in our samples. Together with the anisotropy of the magn
excitations reported in Ref. 9, these structural inhomoge
ities show that the ferromagnetic and paramagnetic phase
Nd0.5Sr0.5MnO3 are nonuniform and exhibit large structur
and magnetic fluctuations which, possibly, reflect the inci
ent layered magnetic order characteristic to t
Nd12xSrxMnO3 samples withx.0.51. Combined with the
results of previous work, our observations strongly sugg
that short-range structural correlations associated with lo
regions of orbital and magnetic order play an important r
in magnetoresistive manganite materials.
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